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ABSTRACT
This paper reviews the present practices, limitations, and understanding of thin sputtered
MoS 2 films. Sputtered MoS 2 films can exhibit remarkable tribological properties such as ultra-
low friction coefficients (0.01) and enhanced wear lives (millions of cycles) when used in vacuum
Dr dry air. To achieve these favorable tribo]ogical characteristics, the sputtering conditions
during deposition must be optimized for adequate film adherence and appropriate structure
(morphology) and composition.
INTRODUCTION
Sputtered MoS 2 thin films display remarkable lubrication properties. Friction coefficients
on the order of 0.01 or less can be achieved. This represents an uncommonly low level of friction
for a solid film lubricant. For instance, most solid lubricating fihns such as the soft metallic
(Au, Ag, Pb) and the PTFE (Teflon) films display coefficients of friction of 0.1 and 0.05
respectively. In nature, a friction coefficient of 0.025 is achieved during the rubbing of ice on ice
at 0 °C. Thus, optimized MoS 2 films formed by sputtering can, under favorable operating
conditions, achieve some of the lowest friction coefficients of any solid material known today.
In vacuum (e.g., a space environment) sputtered MoS 2 films display ultra-low friction, but
in humid air the friction properties are degraded. For the above reasons sputtered MoS._ films
are primarily used for spacecraft and satellite moving mechanical assemblies and components
(solar array drives, antenna pointing and control systems, despin mechanisms and rack and
pinion gears) which operate under high vacuum, high and low temperatures, and space radiation.
These films are also used for terrestrial vacuum systems which house surface analytical
instruments,thin film deposition devices and related instrumentation which requires the use of
vacuum chambers.
A common deposition technique used today is sputtering. The sputtering process is
ideally suited to coat precision mechanical components with thin, uniform films. It also permits
tailoring the structural/morphological and chemical properties of the films. The tribological
performance of sputtered MoS 2 films is critically dependent upon the sputtering conditions which
in turn influence the film's microstructural properties such as crystallinity, morphology, and
composition (Refs. 1-4). The objective of this review is to describe the current understanding of
tile process-property-performance interrelationships of sputtered MoS 2 films.
PRINCIPLES OF SOLID FILM LUBRICATION
The basic concept of thin solid film lubrication follows the principle that if a low shear
strength material is placed between sliding surfaces in contact, the friction force during sliding
will be reduced. The friction force, F, is related to the lubricant's shear strength, s, and the
contact area A, therefore F = sA. According to Fig. 1 the friction coefficient, _, can be arrived
at in terms of the lubricant shear strength, the contact area and the normal load, W. Thus,
# = sA/W. For friction to be low, _s_ and _Amshould have low values. Is m is strictly a
property of the lubricant film itself, and "A" is determined by the deformation properties of the
contact (bearing) materials, namely the hardness or elastic modulus of the substrates.
It follows that _ = sA/W = s/(W/A) where W/A = p which is the contact pressure,
therefore # = s/p.
If the contacts are under elastic deformation which is normally the situation in bearing
technology, the load dependence is determined from the Hertzian pressure, PH, where
PH o¢ W 1/3. Therefore the friction coefficient, #, can be expressed as /_ = s/p H c< s/W 1/3.
According to the above relationships the friction coefficient, #, for elastically loaded
contacts should decrease as the load increases. If the film is thin, as it is the case with sputtered
MoS 2 films, the load is supported primarily by the substrate. Increasing the substrate modulus,
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decreases the contact area for a given load as shown in Fig. 2 (Ref. 5). For low friction and
acceptable wear life, the desirable film thickness has been found to be between 0.2 and 0.6/_m.
CRYSTAL STRUCTURE OF MoS 2
The unique characteristic of MoS 2 (natural molybdenite) is its highly anisotropic crystal
layer structure. It is composed of =sandwich * layers each of which comprises a plane of Mo
atoms arranged in hexagonal array situated between two hexagonal layers of S atoms as shown
in Fig. 3. The interlamellar (layer) attractions between the adjacent lamellae are weak and
consist basically of weak van der Walls forces. However, the bonds between Mo and S atoms
within the lamellae are covalent and, therefore, strong giving MoS 2 films excellent load capacity.
As a result the weak interlamellar bonding contributes to the low shear strength during sliding
in tile [0001] crystallographic direction, i.e., in the direction parallel to its basal planes. The
easy shear in the basal plane direction contributes to the low coefficient of friction and the
excellent lubrication properties. Further, the MoS 2 layer structure can exhibit two types of
crystallite orientation, either tile basal planes are parallel or perpendicular to the substrate as
shown in Fig. 4. The basal planes when in parallel orientation as shown in Fig. 4 provide the
lowest-shear-strength and results in low friction.
CIIARACTERISTICS OF SPUTTERED MoS 2 FILMS
Since very thin (0.2 to 0.6 pro) MoS 2 lubricating films are used for tribological control, it
is important to understand the relationship between the sputtering conditions, the resultant fihn
properties and their friction and wear behavior. To obtain optimized sputtered MoS 2 films with
ultra-low friction it is essential to understand how adherence_ structure and chemical
composition affect the friction and wear behavior.
Adherence and Interface Modification
Strong film adherence is the key to achieving extended endurance lives; therefore, the
preparation of the substrate surface prior to film deposition has a major effect on the degree of
adhesion.To someextent,it canalsoinfluence the nucleation and growth characteristics of the
film, which determine the packing density of the columnar film structure. The most commonly
used surface pretreatment prior to deposition is sputter-etch cleaning. This is accomplished by
negatively biasing the substrate in the presence of the glow discharge for a preselected time.
Sputtered MoS 2 films on 440C or 52100 bearing steel surfaces have been most widely
investigated, and these substrates display excellent adhesion (Refs. 6,7). Many extensive studies
are currently underway to investigate the interracial modifications (chemical or mechanical
bonding) which determine the degree of adherence.
A remarkable feature in interface modification has been observed by the deposition of thin
(1000 A) hard refractory compound layers such as Cr3Sri2, BN, TiN prior to the deposition of
MoS 2 (Fig. 5) (Refs. 8-11). When used in rolling element contacts these duplex films have
shown a dramatic increase in endurance life. A feasible explanation of the improved endurance
life may be attributed to the smaller tlertzian contact area as previously described. Similar
benefit can be obtained by increasing the surface hardness through case hardening (nitriding,
carburizing) or by ion implantation with nitrogen or carbonaceous materials as shown in Fig. 5.
Crystallinity/Orientation, Morphology
The structure of sputtered MoS2 films can change from crystalline to amorphous by
simply changing tile substrate temperature during sputtering. When MoS 2 is sputtered on cold
substrates from 7 °C down to the cryogenic temperature of-195 °C an amorphous structure is
formed (Ref. 12). These amorphous films are very brittle and do not display any lubricating
properties, and are essentially abrasive. Most sputtered MoS 2 films deposited at ambient or
elevated temperatures exhibit the characteristic columnar structure corresponding to crystallite
growth in which the low-shear basal planes are aligned perpendicular to the substrate surface.
The density of the columnar type films is normally less than that of the original molybdenite
which is 4.8 g/cm 3.
Uponsliding, reorientation of the basal planes to a parallel alignment with the substrate
occurs in the sliding direction as shown in Fig. 6. It is still unclear whether shear during sliding
occurs between the basal planes within the crystallites or between the crystallites themselves.
Previous studies (Refs. 13,14) have shown that during sliding the columnar structure easily
fractures and most of the film is worn away. Only a residual, adherent, coherent film in the
order of 0.2 _m thick is left behind. This thin, residual film is essentially responsible for the
lubrication. The film fracture mechanism is schematically illustrated in Fig. 7, The columnar
morphology during sliding or rolling contact leads to film fracture and the formation of
undesirable wear debris. Also the columnar structure contributes to accelerated oxidation when
the films are exposed to or stored in humid air. To overcome the structural limitations
(columnar growth and low density) numerous sputtering modifications have been and are
presently investigated to modify the film growth.
Most sputtered MoS z films with a columnar morphology are not fully dense but exhibit
various degrees of porosity. Typically employed sputtering changes which modify tile fihn
behavior can yield higher film densifications and can be classified as follows: (1) low pressure
deposition, (2) ion beam bombardment during film growth, (3) cosputtering with alloy dopants
(Au, Ni) and (4) muitilayer deposition. All of these techniques attempt to improve a film either
by modifying the film density, adhesion or structure and are used depending upon the particular
application.
Stoichiometry
Depending on the selection of the sputtering conditions, tile stoichiometry of sputtered
MoS 2 films can vary widely, from being sulfur deficient to sulfur rich (S/Mo ratios from 1.1
to 2.2). It should be noted that the basic molybdenite structure prevails even for fihns with S to
Mo ratios as low as 1.1 (Ref. 15).
Recent investigations have shown that the presence of small amounts of water vapor
during sputtering can have major effects on the crystallinity/morphology and stoichiometry of
the films (Refs. 16,17). MoS 2 films are highly sensitive to moisture and oxidize easily. Oxygen
can be present in a variety of chemical states, however oxidation products such as MoO 3 when
formed are detrimental to triboperformance, since it is an inferior lubricant. It has been also
proposed that "O" can substitute for "Smor it can even form a new phase MoS2.xO x
(Refs. 18-20). Friction, however, is very sensitive to these stoichiometric changes. Most
sputtered films when optimized for their tribological properties and used commercially are
substoichlometric with the S to Mo ratio of about 1.8.
TIIE INFLUENCE OF ENVIRONMENTAL CONDITIONS
Tile environment has by far the greatest influence of the friction of sputtered MoS2 fihns.
Under vacuum conditions optimized, sputtered/vloS 2 films display ultra-low friction (Fig. 9).
Optimized, sputtered MoS 2 films tested in vacuum generally fall into the friction range of 0.01 to
0.04 with very low wear and endurance lives of several mil_lion, cycles (Ref. 21). The existing
friction variation from 0.01 to 0.04 cannot be precisely explained, however, it has been observed
that small amounts of oxygen incorporated into the film during sputter deposition
predominantly in the form of H20 can affect the chemical and structural properties of the film.
When films are friction tested in humid air (R.H. 70 percent) the friction coefficient starts
at 0.15 and has a very limited endurance life (Ref. 22). Thus, in humid environment the initial
friction coefficient can be a magnitude higher as compared in vacuum. This moisture sensitivity
is also of importance if MoS z sputter-coated components for example, which have been
assembled in a space mechanism which has to be stored for an extended time before launching.
Therefore it is important to recognize that the storage should be in dry inert gas or vacuum
environment.
Theanisotropic crystal structure as previously discussed can exhibit two types of
crystallite orientation. As a result the different chemical nature of the basal and edge sites of
the planes contribute to the anisotropic gas adsorption-reaction behavior. The adsorption-
reaction characteristics of water vapor are strongly affected by the particular crystallite
orientation. The basal planes are basically inert to gas adsorption or chemical interaction
whereas their edge planes are chemically reactive to oxidation. As a result, the deterioration of
MoS 2 films start from the edge and progresses toward the center. This effect is accelerated if
tile MoS_ films have a perpendicular orientation to the substrate and are maintained at a high
relative humidity.
Since the edge sites readily oxidize this contributes to the degradation of the film's
lubricating properties. Further, the columnar-tapered crystallites do not have a full density
structure, but contain longitudinal porosity with 100 A width between the tapered crystallites.
Therefore, MoS s films should not be used in tribo-systems which are exposed to humid
environmental conditions. MoS 2 films exhibit their best Iubri!_ating properties under vacuum or
dry environmental conditions, therefore they are of great interest and are the primary candidate
materialsforspace tribologyapplications.These two crystallographicfeaturesofMoS 2 namely,
the weak interlarnellarbonding foreasy shear and the anisotropicpreferentialcrystallitegas
adsorptionare the basisforthe qualityofMoS 2 lubrication.
SUMMARY REMARKS
In thinfilmlubricationwhere filmsinthe 0.2 to 0.6 pm range are used,itisimportant to
understand the relationshipsbetween the sputteringconditions,the resultantfilmpropertiesand
the frictionand wear behavior. By optimizingthe sputteringconditions(power input,chamber
pressure,substratetemperature)the resultantfilmpropertiesadherence,crystallinity/
morphology and stoichiometry can be achieved in their most desirable state. Figure 8
summarizes sputtered film's properties as they affect the tribological control in terms of friction,
enduraace, and wear debris formation.
MoS 2 is a layered material, whose crystallographic anisotropy controls both shear behavior
and reactivity of the film to the environment. It has been shown that sputtered MoS s films can
display ultra-low friction only when the sliding or rolling contact is performed in vacuum or in
dry, inert gases. To obtain effective lubricous sputtered MoS s films, the sputtering conditions
have to be optimized, since the resultant film properties are very dependent upon the selected
sputtering conditions. The three primary sputtered MoS s film properties: adhesion, chemical
composition, and crystallite/morphological structure are the dominant factors which affect tile
tribological behavior: endurance, friction and wear debris generation respectively. Current
research is aimed at extending the endurance lives of the thin films through interface and bulk
(film) modifications.
REFERENCES
1. T. Spalvins, "A Review of Recent Advances in Solid Film Lubrication, " J. Vac. Sci.
Technol. A, vol. 5A, 1987, pp. 212-219.
2. E.W. Roberts and W.B. Price, in New Materials Approaches to Tribology: Theory and
Applications, L.E. Pope, ed., Mat. Res. Soc. Syrup. Proc., vol. 140, 1989, pp. 251-264.
3. I.L. Singer, in New Materials Approaches to Tribology: Theory and Applications,
L.E. Pope, ed., Mat. Res. Soc. Syrup. Proc., vol. 140, 1989, pp. 215-226.
4. P.D. Fleischauer, and R. Bauer, "Chemical and Structural Effects on the Lubrication
Properties of Sputtered MoS 2 Films," Tribol. Trans., vol. 31, 1988, p. 239-250.
5. E.W. Roberts, _Ultralow Friction Fihns of MoS 2 for Space Applications," Thin Solid Films,
vol. 181, 1989, pp. 461-473.
6. P.D. Fleischauer,"Fundamental Aspects of the ElectronicStructure,Material Propertiesand
Lubrication Performance of SputteredMoS 2 Films,"Thin SolidFilms,vol.154, 1987,
pp. 309-322.
7.E.W. Roberts,mTowards an Optimised SputteredMoS 2 Lubricant Film,_in 20th Aerospace
Mechanisms Symposium, NASA CP-2423, 1986,pp. 103-119.
8. T. Spalvins, "Bearing Endurance Tests in Vacuum for Sputtered Molybdenum Disulfide
Films,* NASA TM X-3193, 1975.
9. H. Hirano and S. Miyake, "Sliding Life Enhancement of a WS s Sputtered Film by Ion Beam
Mixing," Appl. Phys. Lett., vol. 47 (7), 1985, pp. 683-685.
10. H. Kuwano and K. Nagai, "Friction-Reducing Coatings by Dual Fast Atom Beam
Technique," J. Vac. Sci. Technol. A, Vol. 4, (No. 6), 1986, pp. 2993-2996.
11. J.K.G. Panitz, L.E. Pope, C.R. Hills, ,I.E. Lyons, and D.J. Staley, "A Statistical Study of
the Combined Effects of Substrate-Temperature, BiAs, Annealing and a Cr3Si s
Undercoating on the Tribolugical Properties of RF Sputtered MoS s Coatings, _ Thin Solid
Fiim___._s,vol. 154, 1987, pp. 323-332.
12. T. Spalvins, "Tribological Properties of Sputtered MoS s Films in Relation to Film
Morphology, _ Thin Solid Fihns, Vol. 73, 1980, pp. 291-297.
13. T. Spalvins, "Frictional and Morphological Properties of Au-MoS s Films Sputtered from a
Compact Target," Thin Solid Films, Vol. 118, 1984, pp. 375-384.
14. M.R. Hilton and P.D. Fhischauer, in New Materials Approaches to Tribology: Theory and
Applications, L.E. Pope, ed, Mater. Res. Soc. Syrup. Proc., Vol. 140, 1989, pp. 227-239.
15. H.D. Dimigen, H. Hubsch, P. Willich, and K. Reichett, "Stoichiometry and Friction
Properties of Sputtered MoS x Layers," Thin Solid Films, Vol. 129, 1985, pp. 79-91.
16. V. Buck, "Morphological Properties of Sputtered MoS s Films," Wea____r,Vol. 91, 1983,
pp. 281-288.
17. V. Buck, "Preparation and Properties of Different Types of Sputtered MoS 2 Films," Wea_....._r,
Vol. 114, 1987, pp. 263-274.
18. J.R. Lince, M.R. Hilton, and A.S. Bommannavar, "Oxygen Substitution in Sputter
Deposited MoS 2 Films Studied by Extended X-Ray Absorption Fine-Structure, X-Ray
Photoelectron-Spectroscopy and X-Ray Diffraction," Surf. Coat. Techno]., Vol. 43/44,
1990, pp. 640-651.
19. P.D. Fleischauer, J.R. Lince, P.A. Bertrand, and R. Bauer, "Electronic Structure and
Lubrication Properties of MoS 2 - A Qualitative Molecular Orbital Approach," Langmuir,
Vol. 5, 1989, pp. 1009-1015.
20. J.R. Lince, "MoS2.xO x Solid Solutions in Thin Films Produced by RF-Sputter-Deposition,"
J. Mater. Res., Vol. 5, 1990, pp. 218-222.
21. C. Muller, C. Menoud, M. Maillat, and H.E. Hintermann, "Thick Compact MoS 2 Coatings,"
Surf. Coat. Technol., Vol. 36, 1985, pp. 351-359.
22. E.W. Roberts, "The Lubricating Properties of Magnetron Sputtered MoS2," European
Space Agency, ESA-5615/83-NL-PP, ESA-ESTL-76, 1987. (Avail. NTIS, 88N30136.)
Soft W (ioad)(MoS2)
film,
shear / _ F
strength, ( }---,.-(friction
s-_. _ ,f/ force)
r / f//,,-,...L_/////,_
_ _ Contact
_' Substrate ama, A
F= As
As _ s (friction coefficient)W - :"
W/A = p (contact pressure)
s (lubricant shear property)
li=
p (substrate mechanical property)
Elastic deformation: PH 0¢wl/3 (Only when contact
(Hertzian pressure) . deformation elastic)
S = S
Figure 1.--Principles of solidfilm friction (lubrication).
lO
.05
.04
o
u
e
o
Q
O
o .01
.03 --
.02 -- E(GPa) : 210
-- L ...... 't steel E(GPa) : 164
E(GPa) - 304 i -,-:.... ,_."J b{uva) : 304 _ Ti6AI4V 7
si3..-,, ! ....>
f I I 1 ) I I/" I
0 .5 1.0 1 .S 2.0 2.5 3.0 3.5
Hertz|an contact area, xl0 -8 m2
Figure 2.---Coefficient of friction as a function of contact area.
Sputtered MoS2 film.
Strong S-Mo-S I
bonds resist I
surface asperity
penetration
Ca = 12.32 A
Weak S-S bonds
allow easy shear. /ing resulting inlow friction
Mo
ao = 3.16
Figure 3.--Structure of MoS 2.
ll
Basalplanes Edgeplanes
_" (002)M°$2\_'_ :_ (100)M°$2_
1-- (002)MOS2
J/ I //--(002)M°$2 _/-(100)M°$2
/// //////////////I/////////////
Metal surface
Figure 4.mBasic orientations of MoS 2 crystallites.
Coating Processes
/_ Solid/ lubricant
(MoS 2) --...• . = |"
(BN, TIB2,
_))_77/"/_ c,s,,,
Surfacing Processes:
('rhermochemicel Diffusion
Implantation)
.., __----'_/-- Hard-
-__'_//_ _itn_d_ing )
_//'_///?y//_ (carburizlng)
(borldizlng)
Figure 5.nDuplex surface modifications.
As sputtered MoS 2
Sliding
or
Rubbing
After sliding
Figure 6.--Schematic of sputtered MoS2 crystallite orientation before and after sliding.
12
Morphological growth of
as-sputtered MoS 2 films
Fracture durlng sliding of
sputtered MoS 2 film
fiber z°ne/If II I I (I I I I 1 1 11 I Sli_id.__Idln_ber z°ne
Rldge /..IJJ LIJ L__LLU.L ILl. _,_, _-,_'__.s,m ,s_ m,s_-_=_ _,_./-- Effectlve
. ., _k_._ _.-.,-._...=..... --_. } Ridge .-[_--, =- --,.,...,, -, -- ,--.=} thickness
1formation _.c./_:,/ ............ /////////// .. ...........................
_/_//_/_//_..u..b.s.t..mt..eY///,////,/,/,/ formation --/_//////._,_'_{_i_'/////'///// (200 nm)
Figure 7.--Film structure before and during sliding.
• _ Morphology
Porosity _ "_ I
Adhesion
° Primary
determinant
Oeb,,s EnOuranoe
I Fr'c''°nI
* Composition
Crystallinlty and orientation
Subst rate-counterface composition
Figure 8.--Sputtered MoS2 film properties which determine the tnbo-parameters and performanc
0.2
0.15
0.1
0,0 _......,...:..:.,........_ ,:. ....:,.._:...
O.OlV/////////////_
0.005 _
,,=
mr Humidair
i Vacuum
i._Super-uitra
low friction
Figure 9.---Frictional variation of sputtered MoS 2
films.
I3
Form Approved
REPORT DOCUMENTATION PAGE OMBNo.0704.0188
PulPIt report_'_ burden for Itu ¢O_klction of inlon'nation is ostimated to svorago 1 hour per re/ponle, including the time 1o¢rav-,ew_n9 in=_=, leatct_ing oxisbr_ data sources,
Oalhe_ng and mairdaln_r_ the data needed, and coml_ottng and reviewing the ¢o_ of information. Send comments regarding this burden estimate ot imy other aspect of this
c¢_ectk_ of infownabon, including iruggomtk)ns for tedu_ this burden, to Washington Headquartm.s Services, Directorate for irdormation Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204. Arlingttxt, VA 22202-4302, and to the Office of Mansgement and Budget, Pepe_mtk Reduc_on Project (0704-0188). Wa_ngton, DC 20503
I. AGENCY USE ONLY (Leave b/ank') 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
TechnicalMemorandum
dL TITLE AND SUBTITLE 5. FUNDING NUMBERS
Lubrication With Sputtered MoS2 Films: Principles, Operation, Limitations
e. AUTHOR(S)
T. Spalvins
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135 - 3191
g. SPONSORING/MONITORING AGENCY NAMES(S) AND ADDRESS(ES)
National Aeronautics and Space Administration
Washington, D.C. 20546-0001
WU-506-43- II
8. PERFORMING ORGANIZATION
REPORT NUMBER
E-6573
10. SPONSORING/MONITORING
AGENCY REPORT NUMBER
NASATM-105292
11. SUPPLEMENTARY NOTES
Prepared for the Advanced Surface Engineering and Technology Conference sponsored by the Surface
Engineering Division of ASM International, Cincinnati, Ohio, October 21-24, 1991. Responsible person,
T. Spalvins, (216) 433-6060.
12a. DISTRIBUTION/AVAILABILITY STATEMENT
Unclassified - Unlimited
Subject Category 26
12b. DISTRIBUTION CODE
13. ABSTRACT (Maximum 200 words)
This paper reviews the present practices, limitations, and understanding of thin sputtered MoS 2 films. Sputtered
MoS 2 films can exhibit remarkable tribological properties such as ultra-low friction coefficients (0.01) and enhanced
wear lives (millions of cycles) when used in vacuum or dry air. To achieve these favorable tribological characteristics,
the sputtering conditions during deposition must be optimized for adequate film adherence and appropriate structure
(morphology) and composition.
ldL SUBJECT TERMS
Lubricants; Sputtering
17. SECURITY CLASSIFICATION
OF REPORT
Unclassified
NSN 7540-01-280-5500
18. SECURITY CLASSIFICATION
OF THIS PAGE
Unclassified
19. SECURITY CLASSIFICATION
OF ABSTRACT
Unclassified
1S. NUMBER OF PAGES
]4
16. PRICE CODE
A03
20. LIMITATION OF ABSTRACT
Standard Form 298 (Roy. 2-89)
Prescribed by ANSI Std. Z39-18
298-102

National Aeronautics and
Space Administration
Lewis Research Center
Cleveland, Ohio 44135
OfflcMll Ik.ekleee
lleejW klr lldvlle flee _III
r-oumrtl CUUll II_L
ADDRESS CORRECTION REQUESTED
IIIIII
Postage anOFeesP_,O
Nal_onal Ae¢onauhcs and
Space Admlnlsfral,on
NASA 451
NASA
i i I I
